Second year needles of Lodgepole pine ( Pinus contorta L.) were exposed for 6 weeks to either simulated control summer ['summer'; 25 ° C/250 photon fl ux denisty (PFD)], autumn ('autumn'; 15 ° C/250 PFD) or winter conditions ('winter'; 5 ° C/250 PFD). We report that the proportion of linear electron transport utilized in carbon assimilation (ETR CO2 ) was 40 % lower in both 'autumn' and 'winter' pine when compared with the 'summer' pine. In contrast, the proportion of excess photosynthetic linear electron transport (ETR excess ) not used for carbon assimilation within the total ETR Jf increased by 30 % in both 'autumn' and 'winter' pine. In 'autumn' pine acclimated to 15 ° C, the increased amounts of 'excess' electrons were directed equally to 21 kPa O 2 -dependent and 2 kPa O 2 -dependent alternative electron transport pathways and the fractions of excitation light energy utilized by PSII photochemistry ( Φ PSII ), thermally dissipated through Φ NPQ and dissipated by additional quenching mechanism(s) ( Φ f,D ) were similar to those in 'summer' pine. In contrast, in 'winter' needles acclimated to 5 ° C, 60 % of photosynthetically generated 'excess' electrons were utilized through the 2 kPa O 2 -dependent electron sink and only 15 % by the photorespiratory (21 kPa O 2 ) electron pathway. Needles exposed to 'winter' conditions led to a 3-fold lower Φ PSII , only a marginal increase in Φ NPQ and a 2-fold higher Φ f,D , which was O 2 dependent compared with the 'summer' and 'autumn' pine. Our results demonstrate that the employment of a variety of alternative pathways for utilization of photosynthetically generated electrons by Lodgepole pine depends on the acclimation temperature. Abbreviations : CHB , cold-hard-band ; ETR , electron transport rate ; F v /F m , maximum photochemical effi ciency of PSII with all reaction centers open ; FWHM , full width at half maximum ; LHCII , the major Chl a / b pigment-protein complex associated with PSII ; NPQ , non-photochemical quenching ; p(CO 2 ) , partial pressure of CO 2 ; p(O 2 ) , partial pressure of O 2 ; PFD , photon fl ux density ; PTOX , plastid terminal oxidase ; Q A , primary electron-accepting quinone in PSII reaction centres ; Q B , secondary electron-accepting quinone in PSII reaction centers ; qL , photochemical quenching.
Introduction
Exposure to low temperatures in combination with short days, conditions normally experienced during autumn in the northern temperate and boreal zones, induces cold and freezing tolerance and consequently dormancy in evergreen conifers, which is essential for their winter survival ( Lindgren and Höllgren 1993 , Colombo et al. 2001 , Öquist et al. 2001 , Öquist and Huner 2003 . Cold acclimation in pine species triggered by decreasing day length and temperature involves the downregulation of photosynthesis, induction of protective proteins and pigments, and adjustments of the antenna size and composition to favor decreased light absorption and increased dissipation of excess energy by non-photochemical quenching (NPQ) ( Öquist and Huner 2003 ) .
Cold acclimation followed by characteristic winter depression of photosynthesis in conifers ( Pharis et al. 1970 , Öquist and is accompanied by seasonal changes in chloroplast ultrastructure ( Perry and Baldwin 1966 , Senser et al. 1975 , Martin and Öquist 1979 , re-localization of chloroplasts during winter ( Tanaka 2007 ) as well as the distribution of the major Chl-protein complexes of PSII and PSI and the polypeptide composition of the thylakoid membranes , Öquist and Strand 1986 , Ottander et al. 1995 , Vogg et al. 1998 , Ivanov et al. 2006b , Verhoeven et al. 2009 ). These seasonal changes in the structure and composition of the photosynthetic apparatus are accompanied by a gradual decline in the rate of net photosynthesis during late summer and autumn, a strong inhibition during the winter and a rapid recovery in early spring (for reviews, see Larcher and Bauer 1981 , Öquist et al. 2001 , Öquist and Huner 2003 . In parallel, seasonal effects on excitation energy transfer between the Chl-protein complexes of PSII and PSI , Öquist and Strand 1986 , Ivanov et al. 2006b , Yokono et al. 2008 , and seasonal down-regulation of PSII photochemistry in autumn and winter and its rapid recovery in spring have been also well established in pine species ( Ottander et al. 1995 , Vogg et al. 1998 , Ivanov et al. 2001 , Porcar-Castell et al. 2008 . The rate of PSI electron transfer reactions and PSI photochemistry exhibited much weaker seasonal variations ( Bolhar-Nordenkampf et al. 1993 , Ivanov et al. 2001 . Exposure of evergreen conifers to low temperatures imposes not only a cold stress, requiring metabolic adjustment to low temperatures ( Öquist et al. 2001 ), but also mechanisms to cope with low temperature-sensitized photoinhibition of photosynthesis ( Ball et al. 1991 , Krivosheeva et al. 1996 , Öquist et al. 2001 , Öquist and Huner 2003 . In contrast to deciduous trees, evergreen plants retain signifi cant amounts of Chl during the year, and the amount of the light-harvesting Chl a / b protein complexes is relatively resistant to cold/winter stress in pine , Vogg et al. 1998 , Verhoeven et al. 2009 ), which facilitates the rapid recovery of photosynthesis in spring ( Ottander and Öquist 1991 , Ottander et al. 1995 , Ivanov et al. 2001 .
The imbalance between the absorbed energy and metabolic activity imposed by exposure to low temperatures results in excess PSII excitation pressure ( Huner et al. 1996 , Öquist et al. 2001 , Öquist and Huner 2003 and requires development of mechanisms for photoprotection of the photosynthetic apparatus in overwintering evergreen plants. A variety of strategies have been suggested to play a signifi cant role in photoprotection in overwintering evergreens (for reviews, see Adams et al. 2002 , Öquist and Huner 2003 , Adams et al. 2004 ). Development of high and sustained capacity for NPQ associated with sustained high levels of xanthophyll cycle pigments and lower levels of their epoxidation state ( Adams and Demmig-Adams 1994 , Krivosheeva et al. 1996 , Ottander et al. 1995 , Savitch et al. 2002 , Ivanov et al. 2006b ) is suggested as the major photoprotective mechanism during the cold season in pine species ( Adams et al. 2002 , Adams et al. 2004 ). The maintenance of high sustained energy quenching in evergreens was also correlated with upregulation of PsbS ( Savitch et al. 2002 , Zarter et al. 2006a ) and ELIP ( Zarter et al. 2006b , Ivanov et al. 2006b ) proteins, as well as sustained phosphorylation of the PSII reaction center protein D1 ( Ebbert et al. 2005 ) . Sustained down-regulation of PSII during winter depression of photosynthesis has been also correlated with accumulation of lutein and up-regulation of the lutein-epoxide cycle in overwintering plants ( Matsubara et al. 2002 .
A cold-hard-band (CHB)-dependent component has been also implicated in protection and storage of Chls and photosynthetic components in overwintering evergreens ( Gilmore and Ball 2000 , Matsubara et al. 2002 , Gilmore et al. 2003 . In addition, the increased probability for non-radiative charge recombination within the PSII reaction center (reaction center quenching) was suggested as an additional mechanism for dissipation of excess light in overwintering Scots pine , Ivanov et al. 2003 , Öquist and Huner 2003 , Sveshnikov et al. 2006 ).
Despite the variety of possible energy-dissipating mechanisms suggested to play a role in protection of the photosynthetic apparatus in evergreen plants, no systematic seasonal analyses of the balance and transition between different energy-dissipating pathways have been carried out during cold acclimation in pine species. In the present study, estimated energy partitioning of absorbed light to various non-photochemical and photochemical pathways revealed that the divergent energy dissipation mechanisms employed follow seasonal dynamics, and an oxygen-dependent pathway is essential for cold acclimation in pine.
Results

Modulated Chl fl uorescence and energy partitioning
Light response curves of the photosynthetic electron transport rate (ETR) measured at ambient CO 2 (35 Pa) and O 2 (21 kPa) were only slightly decreased in simulated autumn ('autumn') compared with simulated summer ('summer') pine needles ( Fig. 1A, B ) , while the ETR in simulated winter ('winter') needles was 3.5-fold lower ( Fig. 1C ). Lowering the O 2 concentration to 2 kPa induced a strong decrease of ETR in both 'summer' and 'autumn' pine samples, but had a minimal effect in 'winter' needles ( Fig. 1A-C ) . Decreasing the growth temperature from 25 to 15 ° C exhibited a very minimal effect on the excitation pressure [1 − qL (photochemical fl uorescence quenching)] in needles of 'autumn' plants ( Fig. 1E ), while in 'winter' needles the excitation pressure was much higher irrespective of the measuring irradiance ( Fig. 1F ). Exposure to low O 2 concentration (2 kPa O 2 ) caused an increase of 1 − qL and qN values in 'summer' and 'autumn' needles ( Fig. 1D, E, G, H ), but not in 'winter' pine needles ( Fig. 1F, I ). Interestingly, the observed higher excitation pressure in 'winter' pine did not correspond to higher non-photochemical dissipation under light saturation conditions, although the initial values of qN were much higher in 'winter' than in 'summer' and 'autumn' needles ( Fig. 1G-I ). High CO 2 concentration (150 Pa) increased the ETRs in 'summer' and 'autumn' needles ( Fig. 1A, B ) , while no such effect was observed in 'winter' pine ( Fig. 1C ) .
Further analysis of the partitioning of absorbed light energy into fractions utilized by PSII photochemistry ( Φ PSII ), thermally dissipated via ∆ pH-and xanthophyll-dependent energy quenching ( Φ NPQ ) and a fraction of absorbed light going to neither Φ PSII nor Φ NPQ , i.e. the sum of all other processes involved in non-photochemical energy losses and/or fl uorescence within PSII reaction centers with Q A in the reduced state ( Φ f,D ), was provided according to the model proposed by Hendrickson et al. (2004) . The estimated energy partitioning of absorbed (1 − qL) (D-F) and combined ∆ pH-dependent and ∆ pH-independent non-photochemical quenching of Chl fl uorescence (qN) (G-I) in needles of 'summer', 'autumn' and 'winter' Lodgepole pine. Light response curves of Chl a fl uorescence parameters were measured on needles of 'summer', 'autumn' and 'winter' pine at 25, 15 and 5 ° C, respectively. At each growth temperature, Chl a fl uorescence parameters were measured in the following gaseous environments: (i) p(CO 2 ) of 35 Pa, p(O 2 ) of 21 kPa (black circles); (ii) p(CO 2 ) of 150 Pa, p(O 2 ) of 21 kPa (red triangles); (ii) p(CO 2 ) of 35 Pa, p(O 2 ) of 2 kPa (green circles); and (iv) p(CO 2 ) of 150 Pa, p(O 2 ) of 2 kPa (blue traingles). Data represent an average of three independent biological experiments with the means ± SE, with n = 4 for each experiment.
light to various pathways indicated that the fraction utilized by photochemistry ( Φ PSII ) was similar in 'summer' and 'autumn' plants ( Fig. 2A, B ) and signifi cantly lower in 'winter' needles irrespective of the measuring light intensity ( Fig. 2C ). Concomitantly, although the proportion of thermally dissipated energy through ∆ pH-regulated NPQ ( Φ NPQ ) in 'winter' needles was much higher at lower irradiances, Φ NPQ values measured under light saturation conditions and ambient O 2 and CO 2 were similar to those of 'summer' and 'autumn' plants ( Fig. 2F ). In contrast, Φ f,D , i.e. the fraction of absorbed light energy dissipated by additional quenching mechanism(s), was 2-fold higher in 'winter' within the entire light irradiance range ( Fig. 2I ). This indicates that ∆ pH-and xanthophyll-dependent energy quenching ( Φ NPQ ) cannot account for the apparent differences in the light response curves for ETR between 'summer', 'autumn' and 'winter' plants ( Fig. 1 ). The fraction of absorbed light energy utilized by PSII photochemistry ( Φ PSII ) was sensitive to O 2 concentration and was much lower at p(O 2 ) of 2 kPa regardless of the growth conditions and light irradiance ( Fig. 2A-C ). This was accompanied by a signifi cant increase in Φ NPQ in 'summer' and 'autumn' pine ( Fig. 2D, E ), but not in 'winter' needles where a small decrease of Φ NPQ was observed ( Fig. 2F ). While O 2 had no measurable effect on Φ f,D in 'summer' and 'autumn' pine ( Fig. 2G, H ), exposure to low O 2 induced a 50 % increase in Φ f,D in 'winter' needles ( Fig. 2I ) regardless of CO 2 concentrations.
The relative relationship of Φ NPQ and qN in 'winter' needles vs. 'summer' and 'autumn' needles appeared to be O 2 dependent ( Fig. 3A, B ) . However, the most dramatic effects of O 2 were observed for Φ f,D ( Fig. 3C, D ) . The proportion of Φ f,D as a function of qN was 2-fold higher in 'winter' needles than either 'summer' or 'autumn' needles even at 21 kPa p(O 2 ) ( Fig. 3C ). Furthermore, a reduction in O 2 to 2 kPa p(O 2 ) doubled the Φ f,D of 'winter' needles with minimal effects on either summer or autumn needles ( Fig. 3D ) . Similarly, when changes in PSII 'excitation pressure' (1 − qL) were modulated by gaseous environment and measuring temperature at constant growth light irradiance ( Supplementary Fig. S1 ), no alterations in Φ f,D and a close linear relationship between Φ NPQ and qN was observed in needles of 'summer' and 'autumn' pine. In contrast, 'winter' needles showed sustained high Φ NPQ and Φ f,D , and a lack of correlation with qN.
Linear ETRs estimated from Chl fl uorescence measurements (ETR Jf ) were similar in 'summer' or 'autumn' pine and showed a 75 % decline in 'winter' pine needles ( Fig. 4B ). In contrast, photosynthetic linear electron transport used for carbon assimilation (ETR CO2 ) in the absence of photorespiration progressively declined during cold acclimation. The ETR CO2 values in 'autumn' and 'winter' pine needles were 40 and 85 % lower, respectively, compared with ETR CO2 of 'summer' pine when measured at ambient p(CO 2 ) and saturating light irradiance ( Fig. 4A ). In addition, 'winter' pine needles have lost the capacity to increase ETR CO2 in response to CO 2 enrichment ( Fig. 4A ). This observation is consistent with gradual suppression of CO 2 uptake during the course of the light period in cold-acclimated pine, particularly under high light and elevated CO 2 conditions reported previously ( Savitch et al. 2002 ) . The differential effect of 'autumn' cold acclimation on ETR CO2 and ETR Jf resulted in 23 % higher 'excess' photosynthetic linear electron transport (ETR excess ), i.e. photosynthetic electron transport not used for carbon assimilation, compared with 'summer' pine. The absolute values of ETR excess in 'winter' pine were 77 % lower than ETR excess observed in 'summer' pine. However, the proportion of ETR excess relative to ETR Jf was 58, 73 and 75 % in 'summer', 'autumn' and 'winter' pine needles, respectively ( Fig. 4C ) .
Thus, autumn and winter pine needles appeared to exhibit an increase in electron consumption by metabolic processes other than the reduction of CO 2 relative to summer needles. To defi ne the potential contribution of O 2 as an alternative photosynthetic electron acceptor, we evaluated the differences between ETR Jf at either ambient (21 kPa O 2 ) or low (2 kPa O 2 ) concentrations of O 2 and ambient (35 Pa CO 2 ) or high (150Pa CO 2 ) concentrations of CO 2 ( Fig. 4D ). The contribution of O 2 as an alternative electron transport in ETR Jf was 31, 39 and 14 % in 'summer', 'autumn' and 'winter' pine needles, respectively ( Fig. 4D ).
Low temperature fl uorescence
Steady-state Chl fl uorescence emission spectra of chloroplasts isolated from pine needles were measured at 77K. In agreement with previous studies of evergreen trees ( Öquist and Strand 1986 , Ivanov et al. 2006b , Yokono et al. 2008 , typical 77K emission spectra of control ('summer') pine needles exhibited three fl uorescence peaks/shoulders ( Fig. 5A ). The peaks around 685 nm (F685) and 695 nm (F695) have been assigned to fl uorescence from CP43 or the reaction center complex of PSII ( Nakatani et al. 1984 , Mimuro et al. 2007 ) and the CP47 complex ( Govindjee 1995 , Andrizhiyevskaya et al. 2005 , respectively. The major emission band within the 736 nm range (F735) has been shown to originate from the far-red Chl fl uorescence of the PSI antenna complex ( Dreyfuss and Thornber 1994 , Pålsson et al. 1995 ) .
The overall fl uorescence intensities in both 'autumn' and 'winter' pine samples were signifi cantly lower and the intensity of the PSI peak (F735) was greatly reduced relative to PSIIrelated peaks (F685 and F695) in both 'autumn' and 'winter' needles compared with 'summer' pine. This resulted in 2.8-fold lower F735/F695 ratios in 'autumn' and 'winter' pine chloroplasts ( Fig. 5B, C ). In addition, the major PSI emission peak was blue shifted to 725 nm in both 'autumn' and 'winter' needles. Similar blue shifts of the PSI peak observed earlier in evergreen species acclimated to winter conditions and subfreezing temperatures have been attributed to a heat-dissipating CHB ( Gilmore and Ball 2000 , Matsubara et al. 2002 , Gilmore et al. 2003 . Decomposition analysis of the 77K fl uorescence emission spectra yielded a best fi t with fi ve major spectral components in 'summer' needles ( Table 1 ). In addition to the major emission sub-bands related to the PSII (685 and 698 nm) and PSI complex (736 nm), the decomposition analysis revealed an additional band at 720 nm. The fi fth spectral component (F vib ) centered around 765 nm corresponded to a number of small vibrational transitions in the near-infrared region ( van Grondelle et al. 1994 ) . Although the peak positions of all bands in all samples were similar and within the expected range, the relative areas of sub-bands differed signifi cantly ( Table 1 ) .
Quantitative analysis revealed that the relative area of the minor band at 720 nm observed in 'summer' pine increased 20-fold as a result of cold acclimation ( Table 1 ) . At the same time the major band at 735 nm accounting for 70 % of the total fl uorescence intensity in summer pine was decreased to 5 % in 'winter' pine ( Table 1 ). In addition, the band assigned to CP43 (F685) exhibited a 10-fold increase, while the corresponding area of the peak at 695 nm was markedly reduced in 'winter' pine ( Table 1 ). These results suggest that cold acclimation of Lodgepole pine is accompanied by signifi cant changes in the excitation energy distribution between the major Chl-protein complexes of PSII and PSI Strand 1985, Yokono et al. 2008 ) and/or their stoichiometry (Öquist and Strand 1985 , Ottander et al. 1995 .
Chl-protein complexes
The relative abundance and distribution of the Chl-protein complexes in thylakoid membranes isolated from 'summer', 'autumn' and 'winter' pine needles were estimated from nondenaturating SDS-PAGE profi les. Electrophoretic separation of Chl-protein complexes in control ('summer') pine thylakoid membranes yielded six major green bands corresponding, in order of increasing electrophoretic mobility, to the Chl-protein complexes of (i) CP1-LHCI, reaction center (CP1)-lightharvesting Chl-protein supercomplex of PSI (LHCI); (ii) CP1, major Chl a protein complex of PSI containing the reaction center P700; (iii) LHCII 1 , the oligomeric form of the major Chl a / b light-harvesting protein complex associated with PSII; (iv) CPa, the reaction center Chl a protein complex of PSII containing P680 and the associated core antennae of PSII; (v) LHCII 3 , the monomeric form of the major Chl a/b lightharvesting protein complex associated with PSII; and (vi) FP, free pigments ( Supplementary Fig. S2 ) ( Öquist and Strand 1986 , Ivanov et al. 2006b ). Quantitative analysis of Chl-protein complexes revealed that the major effect of cold acclimation was on the relative abundance of CP1-LHCI, which was reduced 4-fold in 'autumn' needles and almost disappeared in 'winter' pine needles ( Table 2 ) , while the amount of PSI reaction center (CP1) complex did not exhibit signifi cant seasonal changes. However, the relative amount of the PSII reaction center complex (CPa) decreased gradually by 32 % in 'winter' needles compared with 'summer' pine ( Table 2 ). The ratio LHCII 1 /LHCII 3 was 58 % The percentage areas of the spectral sub-bands have been calculated from the total area given by the sum of all bands reported. The FWHM of each band is the sum of the left and right HWHM values. FWHM, full width at half maximum; HWHM, half width at half maximum. Chl-protein complexes were separated by non-denaturating SDS-PAGE. All gels were loaded on an equal Chl basis of 20 µg lane − 1 and the gels were scanned at 671 nm. Chl content was expressed as relative peak area as a function of the total area. Mean values ± SE were calculated from three measurements. CP1-LHCI, reaction center (CP1)-light-harvesting Chl-protein supercomplex of PSI; CP1, major Chl a protein complex of PSI containing the reaction center P700; LHCII 1 and LHCII 3 , the oligomeric and monomeric forms, respectively, of the major Chl a/b light-harvesting protein complex associated with PSII; CPa, the Chl a protein complex containing P680 and the associated core antennae of PSII; FP, free pigments.
higher in 'winter' needles. Thus, although the Chl a/b ratios remain unaffected by the cold acclimation ( Savitch et al. 2002 ) , these results suggest a signifi cant alteration in the stoichiometry of PSII-and PSI-related complexes during the process of cold acclimation in Lodgepole pine.
Immunoblot analysis
In agreement with earlier reports ( Ottander et al. 1995 , Ivanov et al. 2006b ), the relative abundance of PSII reaction center protein PsbA (D1) steadily decreased as a result of cold acclimation, while the abundance of PSI reaction center heterodimer PsaA/B, Cyt f and the ATPase was only marginally affected ( Fig. 6A, C, D ). This was accompanied by an increase in the relative abundance of PSII-associated Lhcb6 and Lhcb3, while Lhcb2, Lhcb4 and Lhcb5 exhibited lower abundance in 'autumn' and 'winter' pine needles compared with 'summer' samples ( Fig. 6A ). In contrast, the amount of all PSI-related light-harvesting proteins tested (Lhca1, Lhca2 and Lhca3) was lower in both 'autumn' and 'winter' pine needles ( Fig. 6C ).
Although the abundance of ELIP was higher in both 'autumn' and winter seedlings than in 'summer' controls, the plastid terminal oxidase (PTOX/IMMUTANS) appeared to accumulate to higher levels in winter pine only ( Fig. 6D ). Similar trends for PTOX in winter pine have been reported for Pinus banksiana ( Busch et al. 2008 ) . Four PSII-associated polypeptides (CP47, CP43, D1 and Lhcb) were phosphorylated in 'summer' pine. In contrast, cold acclimation appears gradually to reduce CP47 phosphorylation and almost completely inhibits the phosphorylation of CP43 and D1 proteins in 'winter' samples. At the same time, the phosphorylation pattern of Lhcb proteins exhibited minimal changes ( Fig. 6B ).
Discussion
The decrease in ETRs in 'winter' pine under ambient atmospheric conditions ( Fig. 1C ) was associated with a substantial increase in the excitation pressure ( Fig. 1F ) when pine needles under simulated 'winter' conditions absorb more light energy than can be utilized by down-regulated CO 2 assimilation and carbon metabolism ( Huner et al. 1996 , Öquist et al. 2001 , Öquist and Huner 2003 . This can result in photoinactivation and degradation of PSII and seasonal decline of D1 abundance in overwintering pine needles ( Ottander et al. 1995 , Öquist and Huner 2003 , Ivanov et al. 2006b ). Indeed, our data demonstrate a 30 % lower abundance of the D1 reaction center protein of PSII ( Fig. 6A ) in 'winter' pine compared with control 'summer' plants.
Non-radiative heat dissipation via ∆ pH-and zeaxanthindependent non-photochemical quenching (qN) of the excess light has been established as one of the most effective mechanisms to cope with the excess energy fl ux ( Horton et al. 1996 , Niyogi 1999 . Surprisingly, although the initial values of qN at low light intensities were higher, qN at saturating light intensities was lower in 'winter' pine compared with 'summer' and 'autumn' samples ( Fig. 1I ). This implies that the regulated NPQ originating from LHCII, which has been identifi ed as the predominant quenching process explaining the reduced photosynthetic effi ciency at low temperatures ( Demmig- , Verhoeven et al. 1999 , is not suffi cient to account for the > 3-fold decrease in ETR observed in 'winter' pine.
More detailed quantitative energy partitioning analysis demonstrated that, at saturating light intensities and ambient atmospheric conditions, between 30 and 40 % of the total absorbed light energy in 'summer' and 'autumn' pine samples was allocated to Φ PSII , the fraction of light energy utilized through photochemistry ( Fig. 7A , Supplementary Table S1 ). Concomitantly, the fraction of light energy dissipated through light-regulated ∆ pH-and zeaxanthin-dependent thermal dissipation process(es), originating from the LHCII ( Φ NPQ ) accounted for 45-50 % , while the fraction of constitutive thermal dissipation ( Φ f,D ) ( Hendrickson et al. 2004 ; Kramer et al. 2004 ) , defi ned as the fraction of absorbed light going to neither photochemistry nor regulated NPQ, was constant (20 % ) in both 'summer' and 'autumn' pine ( Fig. 7A ). In contrast, the contribution of Φ PSII to the total energy fl ux was reduced to about 10 % in 'winter' pine needles while the Φ NPQ values at saturating light intensities were slightly lower (45-48 % ) than observed in 'summer' and 'autumn' samples ( Fig. 7A ) . However, the most intriguing result derived from the energy partitioning analysis was that Φ f,D increased substantially and accounted for 35 % of the total energy fl ux in 'winter' pine ( Fig. 7A ). This suggests that the strong increase of constitutive energy dissipation ( Φ f,D ) may compensate for the lower values of regulated NPQ ( Φ NPQ ) in 'winter' needles at saturating light intensities. The higher constitutive energy dissipation ( Φ f,D ) could be due to an upregulation of a pH-independent sustained energy quenching ( Verhoeven et al. 1998 , Adams et al. 2002 , Adams et al. 2004 , Demmig-Adams and Adams 2006 and/or the CHB-dependent quenching ( Gilmore and Ball 2000 , Gilmore et al. 2003 ) . However, no sustained phosphorylation of the D1 protein, which was shown to be associated with the sustained energy dissipation in conifers ( Ebbert et al. 2005 ( Fig. 6B ) . Moreover, the appearance of a CHB-like peak at 720 nm and a signifi cant blue shift of the PSI-associated peak ( Fig. 5 , Table 1 ) as well as enhanced accumulation of PsbS and ELIP-like proteins ( Fig. 6 ), which were also implicated to play a role in sustained energy dissipation ( Demmig- Adams et al. 2006 , Zarter et al. 2006a , Zarter et al. 2006b , Peng et al. 2008 , were observed in both 'autumn' and 'winter' needles, which suggests that sustained energy quenching is not suffi cient to explain the increase in Φ f,D detected only in 'winter' pine.
More importantly, the increased capacity to dissipate energy through Φ f,D in 'winter' pine is clearly O 2 dependent ( Fig. 2I ). Low O 2 stimulated Φ f,D by 50 % in 'winter' pine ( Figs. 2I , 7A ) but resulted in minimal inhibition of ETR Jf (14 % ) ( Fig. 4D ) , whereas low O 2 had minimal effects on Φ f,D ( Figs. 2G, H , 7A ) but inhibited ETR Jf by 30-40 % in 'summer' and 'autumn' pine ( Fig. 4D ). These results demonstrate that the 'thermal sink' for excess photons provided by non-photochemical processes, i.e. the ∆ pH-dependent xanthophyll cycle which has been shown to dissipate up to 50 % of excess photons ( Gilmore 1997 ) as well as the sustained energy quenching, is not suffi cient to explain the energy partitioning in 'winter' pine.
The alternative option for utilization/dissipation of the excitation energy would be through a 'photochemical sink', i.e. photochemical reactions driving electron transport which sustains the photosynthetic reduction of CO 2 and/or O 2
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1 5°C 5°C ( Osmond et al. 1997 ) . Under natural conditions, stomatal closure, which has been reported in winter stressed pine ( Öquist et al. 1980 ) , would cause decreased CO 2 availability, and its lower concentration inside the mesophyll would favor the oxygenase activity of Rubisco ( Wingler et al. 2000 ) . This may increase the ratio between the relative rates of photorespiration and photosynthesis, which has been suggested as an effective protective mechanism against photoinhibitory damage and photooxidation by providing an alternative and effective electron sink in plants exposed to low temperatures ( Heber et al. 1996 , Streb et al. 1998 , Tsonev et al. 2003 . Indeed, decreasing the oxygen concentration to 2 % to inhibit photorespiration lowered the linear ETRs under saturating light intensities by 30 and 50 % in 'summer' and 'autumn' pine, respectively ( Fig. 1A, B ). As expected, this was accompanied by a much lower fraction of light energy allocated to Φ PSII , higher qN ( Fig. 1G, H ) and increased proportion of light energy dissipated through ∆ pHand zeaxanthin-dependent processes ( Φ NPQ ) ( Fig. 2D, E ). In contrast, lowering the O 2 concentration had only minimal effects on ETR, qN ( Fig. 1C, I ) and Φ NPQ , and caused a negligible decrease of Φ PSII in 'winter' pine. Surprisingly, under these nonphotorespiratory conditions, the fraction of Φ NPQ was lower, while the Φ f,D was further strongly increased ( Fig. 2I ) compared with 'summer' and 'autumn' needles. These results clearly suggest that while photorespiration is involved in regulating the linear photosynthetic electron transport in control ('summer') and moderately (15 ° C) cold-acclimated ('autumn') needles, in 'winter' pine, cold acclimated to much lower temperature (5 ° C), the contribution of oxygen as an electron sink may not involve photorespiration. Oxygen-dependent alternative electron sinks for the photosynthetic electron transport via indirect reduction of O 2 through photorespiration and direct photoreduction of O 2 in the Mehler ascorbate peroxidase pathway ( Schreiber and Neubauer 1990 ) may account for up to 50 % of electron fl ow under saturating irradiance and CO 2 Grace 1995 , Streb et al. 2005 ) . Calculating the difference between the number of electrons transported at the level of PSII (ETR Jf ) and the number of electron consumed by carbon assimilation (ETR CO2 ) ( Streb et al. 2005 ) , we have also shown that under ambient CO 2 and O 2 and saturating light irradiance ETR greatly exceeds the requirement of electrons for carbon assimilation at all growth temperatures ( Fig. 4C ) . Considering that at 21 kPa of p(O 2 ), photorespiration is close to its maximum at ambient CO 2 (35 Pa) and highly inhibited at high CO 2 (150 Pa), the difference in ETR (ETR 21 kPa O 2 -ETR 2 kPa O 2 ) between high and low C i should refl ect the potential to consume electrons by photorespiration ( Savitch et al. 2000 , Streb et al. 2005 . Indeed, consumption through the photorespiratory pathway of approximately 20 µmol electrons m − 2 s − 1 was found in 'summer' and 'autumn' needles ( Fig. 4D ) . Thus, photorespiration may play an important role as an alternative electron sink in 'summer' and 'autumn' but not in 'winter' Lodgepole pine.
In addition to the pathways discussed above, PTOX/ IMMUTANS involved in the chlororespiratory pathway, carotenoid biosynthesis and chloroplast redox control ( Cournac et al. 2000 , Carol and Kunz 2001 , Aluru and Rodermel 2004 is also able to transfer electrons from plastoquinone directly to oxygen. It has been suggested that the contribution of the chlororespiratory electron fl ux involving PTOX/IMMUTANS quinol oxidase to the total electron fl ow in the chloroplast and its photoprotective role as an alternative electron sink is rather limited under optimal growth conditions Baker 2002 , Rosso et al. 2006 ). However, PTOX does appear to contribute signifi cantly, alleviating excitation pressure during the early stages of light-dependent chloroplast biogenesis prior to the establishment of photosynthetic competence ( Rosso et al. 2009 ) .
A signifi cant increase in the relative abundance of PTOX/ IMMUTANS protein and effective PTOX-dependent transfer of excess electrons to oxygen have been reported in the high alpine plant species Ranunculus glacialis acclimated to low temperature ( Streb et al. 2005 ) and in the salt-stressed halophyte Thellungiella (Stepien and Johnson 2009) , where the PTOX-dependent alternative electron sink accounts for up to 30 % of the total PSII electron fl ow. Based on the apparent correlation between the stimulation of PTOX accumulation in 'winter' Lodgepole pine ( Fig. 6D ) and the functional data discussed above, we suggest that PTOX-mediated electron transport to oxygen may be involved in the regulation of constitutive energy quenching ( Φ f,D ) and may play a signifi cant role as an alternative electron sink. Another advantage of employing the PTOX-dependent electron transport pathway would be to prevent, or at least lower, the formation of reactive oxygen species in cold/winter-acclimated species. Up-regulation of PTOX at low temperature may also favor chlororespiration, a light-independent process that can maintain a trans -thylakoid proton gradient in the dark ( Field et al. 1998 ), which would be high enough to drive the xanthophyll cycle during the night associated with development of high and sustained capacity for NPQ in cold-acclimated evergreen species ( Verhoeven et al. 1999 , Adams et al. 2002 , Adams et al. 2004 .
As an alternative, we propose that PTOX-mediated reduction of oxygen may serve as an effective electron sink, which may play an important role in sustained dissipation of excess light energy independent of NPQ. It is also clear that eliminating the capacity for photorespiration in 'winter' pine cannot be compensated by increased allocation of excess energy to Φ NPQ , as in 'summer' and 'autumn' seedlings, but, instead, the already high level of Φ f,D is further increased by 50 % ( Fig. 2I ). This suggests that the PTOX-mediated electron transport pathway to oxygen may be one of the major components of the constitutive energy quenching ( Φ f,D ) in 'winter' Lodgepole pine.
The photosynthetic performance of evergreen pine species exhibits seasonal changes, showing a gradual decrease during exposure to low, non-freezing temperatures at the end of the growing season (late autumn) followed by strong depression during winter dormancy and a rapid recovery in early spring ( Öquist and Huner 2003 ) . These functional changes are well coordinated with seasonal alterations in the chloroplast ultrastructure ( Perry and Baldwin 1966 , Senser et al. 1975 , Martin and Öquist 1979 and the polypeptide composition of the thylakoid membranes , Ottander et al. 1995 , Vogg et al. 1998 , Savitch et al. 2002 , Verhoeven et al. 2009 ). Indeed, the quantitative analysis of the distribution of Chl-protein complexes ( Table 2 ) and polypeptide composition ( Fig. 6 ) also confi rms that cold acclimation of Lodgepole pine induces rearrangement of the major Chl-protein complexes and altered stoichiometry between PSII and PSI complexes. It appears that although the relative abundance of PSII reaction centers is lower in cold-acclimated ('winter') pine, its light-harvesting antenna remains less affected. In contrast, while PSI reaction centers (PsaA/B heterodimer) remain unaffected by the cold acclimation, the abundance of its antenna polypeptides is greatly reduced ( Fig. 6 ). This corroborates the altered excitation energy distribution between PSII and PSI ( Fig. 5 , Table 1 ) and indicates a highly unbalanced photosynthetic electron fl ow as a result of cold acclimation.
In summary, the experimental data presented in this report demonstrate that as a result of cold acclimation the proportion of linear electron transport utilized in carbon assimilation (ETR CO2 ) was 40 % lower in both 'autumn' and 'winter' pine when compared with the 'summer' pine ( Fig. 7B , Supplementary Table S1 ). Alternatively, the proportion of excess photosynthetic linear electron transport (ETR excess ) not used for carbon assimilation within total ETR Jf was similarly increased by 30 % in both 'autumn' and 'winter' pine ( Fig.7B ) . In 'autumn' pine acclimated to 15 ° C, the increased amount of 'excess' electrons was directed equally to 21 kPa O 2 -and 2 kPa O 2 -dependent alternative electron transport pathways and the fractions of excitation light energy utilized by PSII photochemistry ( Φ PSII ), thermally dissipated through Φ NPQ and dissipated by additional quenching mechanism(s) ( Φ f,D ), were similar to those in 'summer' pine. In contrast, in 'winter' needles acclimated to 5 ° C, 60 % of photosynthetically generated 'excess' electrons were utilized through the 2 kPa O 2 -dependent electron sink and only 15 % by the photorespiratory (21 kPa O 2 ) electron pathway ( Fig. 7B ) , while 'winter' acclimation led to 3-fold lower Φ PSII , only a marginal increase in Φ NPQ and a 2-fold higher Φ f,D when compared with the 'summer' and 'autumn' pine ( Fig. 7A ).
The employment of a variety of alternative pathways for utilization of photosynthetically generated electrons and dissipation of excitation light energy depending on the acclimation temperature clearly demonstrates the complexity and dynamics of the acclimation response of the photosynthetic apparatus of overwintering evergreen conifers to the contrasting environmental conditions of the northern hemisphere.
Materials and Methods
Plant material and experimental conditions
Seedlings of Lodgepole pine ( Pinus contorta L.) were grown under controlled environment conditions. Cold-acclimated and dark-adapted 1-year-old seedlings of Lodgepole pine were obtained from a pine nursery. To initiate the second year growth, seedlings were transplanted into plastic pots (190 mm diameter × 190 mm depth, one plant per pot) containing approximately 3,600 cm 3 of total volume of soil. Greenhouse soil was composed of top soil, peat moss, pumice and perlite in a ratio of 4 : 4 : 1 : 1 (by vol.). Potted seedlings were transferred to the growth chamber with a temperature regime of 25/15 ° C (day/night), 75 % humidity, a photon fl ux density (PFD) of 250 µmol photons m − 2 s − 1 (25 ° C/250 PFD) and a 17 h photoperiod. After a period of 6 weeks at 25 ° C/250 PFD, the secondyear needles were fully developed and considered as 'summer' pine. At this stage, plants were transferred to a temperature regime of 15/10 ° C (day/night), 75 % humidity, a PFD of 250 µmol photons m − 2 s − 1 (15 ° C/250 PFD) and an 8 h photoperiod. After a period of 6 weeks at 15 ° C/250 PFD, plants were considered to be partially cold acclimated and defi ned as 'autumn' pine. For further cold acclimation, 'autumn' pine was transferred to a temperature regime of 5/5 ° C (day/night), 75 % humidity, a PFD of 250 µmol photons m − 2 s − 1 (5 ° C/250 PFD) and an 8 h photoperiod. After a period of 6 weeks these seedlings were defi ned as 'winter' pine. All seedlings received Peters ® 20 : 20 : 20 (N : P : K) plus micronutrients water-soluble fertilizer at the recommended rate of 100 g per 100 liters in irrigation water. Seedlings of 'summer', 'autumn' and 'winter' pine were watered on average every 5, 10 and 15 d, respectively. Fully developed second-year needles of 'summer', 'autumn' and 'winter' pine were sampled in the growth chamber at the prevailing growth condition 4 h after the onset of the photoperiod and quickly frozen in liquid N 2 for subsequent immunoblot analysis, green gel electrophoresis and 77K Chl fl uorescence measurements.
Modulated Chl fl uorescence measurements
All Chl fl uorescence measurements were performed using a PAM-modulated fl uorescence system (Heinz Walz GmbH, Effeltrich, Germany) ( Schreiber et al. 1986 ). CO 2 exchange rate measurements were performed with an open gas exchange system using a LI-COR 6262 (Lincoln, NE, USA) infrared CO 2 analyzer as described in detail by Savitch et al. (2000 Savitch et al. ( , 2002 . The temperature of the chamber was controlled to maintain a sample temperature of 25, 15 or 5 ° C for 'summer', 'autumn' and 'winter' pine plants, respectively. All measurements were made 3 h after the onset of the photoperiod and continued during 3 h. Within this period of time the steady-state rates of photosynthesis when measured at the prevailing growth temperature and irradiance were constant ( Savitch et al. 2002 ) . Dark-adapted (1 h) needles were used for determining F o , F m and F v / F m parameters. The photochemical fl uorescence quenching (qL) and F v ′ / F m ′ parameters were calculated when the steady-state F s level was reached. The nomenclature of van Kooten and Snel (1990) was used for the parameters of Chl fl uorescence. PSII 'excitation pressure' or the relative reduction state of PSII at the growth temperature and growth irradiance was measured as 1 − qL ( Kramer et al. 2004 ) . Light response curves of the PSII ETR, the excitation pressure (1 − qL) and the non-photochemical quenching of absorbed light (qN) were measured at each growth temperature and the following gaseous environments: (i) p(CO 2 ) of 35 Pa and p(O 2 ) of 21 kPa; (ii) p(CO 2 ) of 150 Pa and p(O 2 ) of 21 kPa; (iii) p(CO 2 ) of 35 Pa and p(O 2 ) of 2 kPa; and (iv) p(CO 2 ) of 150 Pa and p(O 2 ) of 2 kPa. The conditions of 'high' p(CO 2 ) were used to evaluate the capacity of the Calvin cycle to drive partitioning of absorbed light energy into fractions utilized by PSII photochemistry, the conditions of 'low' p(O 2 ) were used to evaluate the role of photorespiration in regulation of excitation energy partitioning, and the conditions of 'high' p(CO 2 ) and 'low' p(O 2 ) were used to evaluate the capacity of the Calvin cycle to compensate for the suppression of photorespiration and maintain the balance in excitation energy partitioning ( Savitch et al. 2000 ) . Gas mixtures for both CO 2 exchange and Chl fl uorescence measurements were created in an open gas exchange system by mixing N 2 , O 2 and 5 % CO 2 in air using fl ow controllers (Omega International Corp., USA) and monitored by a LI-COR 6262 (Lincoln, NE, USA) infrared CO 2 analyzer. Relative humidity of the air stream was maintained at 50 % . CO 2 assimilation rates were measured at saturating light irradiance of 1,000 PFD, p(O 2 ) of 21 kPa and p(CO 2 ) of 35 and 150 Pa. Linear ETRs required to support observed CO 2 assimilation rates in the absence of photorespiration (ETR CO2 ) were calculated as ETR CO2 = 4 × ( A + R d ), assuming that four electrons for every CO 2 fi xed are required in the absence of photorespiration and assuming that needle dark respiration ( R d ) is similar to that under the light conditions. The rate of linear electron transport (ETR Jf ) was calculated as described in detail by Savitch et al. (2009) . Excess photosynthetic electron transport (ETR excess ) not used for carbon assimilation (ETR CO2 ) was calculated as ETR Jf -ETR CO2 according to Streb et al. (2005) . The difference between ETR Jf at p(O 2 ) of 21 kPa and ETR Jf at p(O 2 ) of 2 kPa [(ETR Jf 21 kPa O 2 ) -(ETR Jf 2 kPa O 2 )] was evaluated at ambient p(CO 2 ) of 35 Pa and p(CO 2 ) of 150 Pa. All measurements were performed at a saturating PFD of 1,000 µmol m − 2 s − 1 and the corresponding growth temperatures of 25, 15 and 5 ° C for 'summer', 'autumn' and 'winter' pine, respectively.
Partitioning of absorbed light energy was estimated according to the model proposed by Hendrickson et al. (2004) . This energy partitioning method was chosen because it does not require the use of F o ′ measurements, which is diffi cult to estimate in winter pine samples due to the fast and substantial post-illumination increase of F o ′ . The allocation of photons absorbed by the PSII antennae to photosynthetic electron transport and PSII photochemistry was estimated as Φ PSII = 1 − F s / F m ′ . The quantum effi ciencies of regulated ∆ pH-and/or xanthophyll-dependent non-photochemical dissipation processes within the PSII antennae ( Φ NPQ ) was calculated as:
Constitutive non-photochemical energy dissipation and fl uorescence ( Cailly et al. 1996 ) was calculated as Φ f,D = F s / F m .
All data presented in this manuscript are the averages of three independent biological experiments, with 4-8 replicates for each experiment ( ± SE). Statistical analysis of the data was performed using the ANOVA statistics package in Microsoft Excel 2002 (Microsoft Corporation, Redmond, WA, USA).
Low temperature (77K) fl uorescence
77K fl uorescence emission spectra of isolated thylakoids were performed using a liquid nitrogen device attached to a PTI Fluorometer (Model LS-1, Photon Technology International Inc., South Brunswick, NJ, USA) as in Ivanov et al. (2006a) . Samples were dark adapted at the corresponding growth temperature for 30 min and quickly frozen in liquid nitrogen before the measurements. Corrected fl uorescence spectra were recorded from 650 to 800 nm. Chl fl uorescence was excited at 436 nm. Excitation and emission slits widths were 4 nm. The Chl concentration in the probe was 5-10 µg ml − 1 . Background emission due to the medium was subtracted from all corrected fl uorescence emission spectra and was normalized to the PSII peak centered at 695 nm. The 77K Chl fl uorescence was further analyzed via decomposition of the emission spectra. Decomposition analysis of the fl uorescence emission spectra in terms of fi ve Gaussian bands was carried out by a non-linear least squares algorithm that minimizes the χ 2 function ( Morgan-Kiss et al. 2002 ) using a Microcal ™ Origin ™ Version 6.0 software package (Microcal Software Inc., Northampton, MA, USA). The fi tting parameters for the fi ve Gaussian components, i.e. position, area and full width at the half maximum (FWHM), were free-running parameters. The quality of the spectral decomposition analysis was estimated by the χ 2 values and the residues values representing the differences between the fi tted sum of the components and the experimental emission curves.
Non-denaturating SDS-PAGE
Thylakoid membranes for non-denaturating SDS-PAGE were prepared as described earlier ( Dobrikova et al. 2000 ) and the separation of Chl-protein complexes was performed as in Ivanov et al. (2006b) . Thylakoid samples were resuspended in a deoxycholic acid (DOC) : SDS : Chl ratio of 20 : 10 : 1 in a 0.3 M Tris-HCl (pH 8.0) solubilization buffer containing 13 % (w/v) glycerol. Electrophoretic separation of the Chl-protein complexes was performed on an 8 % (w/v) polyacrylamide resolving gel containing 0.22 M Tris-HCl (pH 9.35) buffer and a 4 % (w/v) stacking gel containing 55 mM Tris-HCl (pH 6.14) buffer. Samples were loaded with an equal amount of Chl. The excised lanes were scanned at 671 nm on a Beckman DU 640 spectrophotometer (Beckman Instruments, Inc., Fullerton, CA, USA) for Chl absorbance and the relative content of each band was determined by the peak area normalized to the total area of the scan.
SDS-PAGE and immunoblotting
Thylakoid membranes for SDS-PAGE from pine needles were isolated as described previously ( Savitch et al. 2002 ) . Benzamidine and aminocaproic acid were present in the homogenization buffer at concentrations of 2 mM. Thylakoid preparations were solubilized in a 60 mm Tris-HCl (pH 7.8) buffer containing 1 mm EDTA, 12 % (w/v) sucrose and 2 % (w/v) SDS to achieve an SDS : Chl ratio of 20 : 1. Solubilized samples containing equal amounts of protein (20 µg lane − 1 ) were separated on a 15 % (w/v) linear polyacrylamide gel using a Mini-Protean II apparatus (Bio-Rad). Immunoblotting was carried out by transferring the proteins from SDS-PAGE to nitrocellulose membranes (0.2 µm pore size; Bio-Rad). The membranes were probed with antibodies raised against PsbA (D1), PsaA/B, Cytf, PsbS, ATPase, PSII-associated light-harvesting proteins (Lhcb1, Lhcb2, Lhcb3, Lhcb4, Lhcb5 and Lhcb6), PSI-associated light-harvesting proteins (Lhca1, Lhca2, Lhca3 andLhca4) (Agrisera, Sweden), ELIP and PTOX/IMMUTANS proteins. The dilutions used for primary antibodies were 1 : 2,500 for D1, 1 : 750 for PsaA/B, 1 : 1,000 for Cytf, 1 : 5,000 for PTOX, 1 : 500 for ELIP, 1 : 10,000 for PsbS and 1 : 3,000 for Lhcb1-Lhcb6 and Lhca1-Lhca4. The phosphorylation pattern of D1 and LHCII polypeptides was probed with commercial polyclonal anti-rabbit phosphoaminoacid (phosphothreonine, PhThr) antibodies (1 : 1,000 dilution) (Zymed Laboratories Inc., San Francisco, CA, USA). Blots were developed using goat anti-rabbit and rabbit anti-chicken IgG conjugated with horseradish peroxidase (Sigma Chemical Co., St Louis, MO, USA) as a secondary antibody at a 1 : 20,000 to 1 : 100,000 dilution when using ECL and a 1 : 300,0000 dilution when using ECL Advance. The complexes were visualized using a chemiluminescent detection system, ECL Advance for PTOX and PsbS, and ECL for the rest of the polypeptides (ECL Western Blotting Detection Kit, Amersham Pharmacia Biotech, Buckinghamshire, UK).
Supplementary data
Supplementary data are available at PCP online. 
